In this paper, a multiresidue method for the analysis in soils of metribuzin (M) and its major conversion products, deaminometribuzin (DA), diketometribuzin (DK) and deaminodiketometribuzin (DADK) is developed. Considering the neutral and charged nature of the molecules, micellar electrokinetic chromatography (MEKC) is a very efficient method for the separation of these compounds, providing high efficiency and short analysis times. Different electrophoretic parameters were studied to optimize the separation, such as the buffer pH and concentration, sodium dodecyl sulphate (SDS) concentration, injection conditions and applied voltage. Excellent separation of the studied compounds was achieved within about 7 min. Soil samples were previously extracted using methanol in an ultrasonic bath and then a SPE procedure was applied to preconcentrate the analytes by passage through a LiChrolut EN sorbent column. Detection limits at the low g kg −1 level were obtained. The proposed method has been satisfactorily applied in soil samples showing recoveries ranging from 86.7% to 104.2% and represents a valuable alternative to high-performance liquid chromatography (HPLC).
Introduction
Modern agriculture depends to a large degree on the use of herbicides in order to control weeds that compete with the crops. A large number of these compounds are applied directly to the soil and in general their toxicity in mammals is low, and therefore, the risk of ingesting toxic levels of herbicides by consuming produce is low. However, the extensive use of these products has increased the public interest in the presence of residues in food as well as in different environmental matrices (soil, underground water and surface water). There is also increasing interest in their transformation products because they can be present at higher levels in soil than the parent compound itself [1] .
Metribuzin is a selective systemic herbicide used for pre-and post-emergence control of many grasses and broad-leaved weeds in soya beans, potatoes, tomatoes, sugar cane, alfalfa, aspara-gus, maize and cereals at 0.07-1.05 kg a.i./ha [2] . Metribuzin belongs to the group of triazinone herbicides, it is highly watersoluble (1.05 g/L) and adsorption in low-organic sandy soils is rather weak, sorption coefficients vary from 0.56 in a very sandy loam to 31.7 in a soil containing 60% organic matter [3] . Metribuzin is considered to be of short to moderate persistence in soils, the half-lives measured have been specified at between 5 and 50 days. The decomposition of metribuzin in the environment is due to microbiological and chemical processes. Only deaminometribuzin (DA), diketometribuzin (DK), deaminodiketometribuzin (DADK) and two glycoside conjugates are known to be metabolites. Both deamination and desulfuration are observed by photolytic and microbial degradation [4] . Total microbial degradation of metribuzin into CO 2 and water takes place via the metabolite DADK, but in laboratory experiments mineralisation has not exceeded 20% [3] . Fig. 1 shows the generally accepted degradation pathway of metribuzin.
So far analysis of metribuzin and its metabolites has mainly been accomplished by different chromatographic methods, such as reversed-phase thin-layer chromatography (RP-TLC) with UV absorption detection [5] or high-performance liquid chromatography (HPLC) with diode array detection [6, 7] or mass spectrometry detection [3, 8] .
Capillary electrophoresis (CE) presents a very interesting alternative to chromatographic methods for the analysis of pesticide residues and by-products in environmental samples, due to its low cost, short separation times, high efficiency and no need for high volumes of organic solvents. In spite of these advantages, a relatively low number of papers include the determination of pesticide residues in real samples, mainly using capillary zone electrophoresis (CZE), capillary electrochromatography (CEC) and micellar electrokinetic chromatography (MEKC) [9] [10] [11] [12] [13] . MEKC is a CE method based on the differences between interactions of analytes with micelles present in the separation buffer, which can easily separate both charged and neutral solutes with either hydrophobic or hydrophilic properties. Micelles are formed by adding a surfactant at a concentration above its critical micellar concentration (CMC). The separation principle is based on the differential partition of the analytes between the micelle, which acts as a pseudostationary phase, and the surrounding aqueous phase. Different surfactants and modifiers can be used in MEKC, sodium dodecyl sulphate (SDS) being the most usual, also in the determination of pesticide residues [14] [15] [16] [17] [18] [19] [20] . The main limitation to the application of CE methodologies to real samples is the insufficient sensitivity due to the low sample volumes injected (1-10 nL). To enhance detection capability, several pre-concentration techniques have been applied, one of the most common being offcolumn concentration by SPE. Generally, SPE procedures for pesticide extraction prior to CE analysis are carried out using disposable cartridges, most of them packed with silica-based phases, including clean-up and pre-concentration procedures. C 18 , silica and porous graphitic carbon PGC, Oasis HLH or carbopack B have been used as sorbents [13] . C 18 has been replaced by a polymer of styrene-divinylbenzene (LiChrolut EN) to improve the recovery of metribuzin [21] . LiChrolut has been used as stationary phase in the off-column SPE procedure previous to the determination of triazines and degradation products by CZE and MEKC in tap and river water [16] .
Although the determination of metribuzin in conjunction with other pesticides by MEKC has been described in bibliography [22, 23] , to our knowledge there are no methods to date for the analysis of the herbicide metribuzin and its major conversion products by using this technique. In this paper, we propose the application of MEKC for the analysis of metribuzin and its degradation products, DA, DK, and DADK, with the aim to propose a simple, inexpensive and rapid method to be used in environmental protection monitoring, being an interesting alternative to HPLC mainly due to the minimization of the amount of organic solvent needed. The applicability of off-column SPE procedure for the enrichment of the analytes prior to MEKC analysis has been carried out to achieve satisfactory detection limits and efficient clean-up.
Experimental

Chemicals
All the reagents used were of analytical grade and the solvents of HPLC grade. The water used to prepare the solutions was purified with a Milli-Q system (Millipore, Bedford, MA, USA). Organic solvents acetonitrile, methanol, ethanol, acetone and ethyl acetate were purchased from Merck (Darmstadt, Germany). 1-Propanol and 2-propanol was obtained from PanreacQuímica (Madrid, Spain).
The separation buffer was prepared from ammonium acetate supplied by Sigma-Aldrich Química (Madrid, Spain) and sodium dodecyl sulfate (SDS) purchased from Panreac. The pH was adjusted to 10 with 0. The sorbents used for solid-phase extraction were silicabased bonded C 18 cartridges (500 mg, 3 mL) (Supelco, Bellefonte, PA, USA), Oasis HLB, a copolymer of poly(divinilbenzene-co-N-vinylpyrrolidone (60 mg, 3 mL) (Waters, Milford, MA, USA) and LiChrolut EN, polymer of styrenedivinylbenzene (200 mg, 3 mL) (Merck).
Stability of solutions
The stability of the stock standard solutions was spectrophotometrically followed up by preparing working standard solutions of 5 mg L −1 for each component every day. In all cases, the obtained UV-vis absorption spectra remained unaffected at least 3 months following its preparation.
Also, to test the intraday stability of the working standard solutions, the UV-vis absorption spectra of a working solution containing 5 mg L −1 of each component was recorded every hour during a period of 24 h. In all cases, the absorption spectra remained unaffected.
Instrumentation
CE experiments were carried out with a HP 3D CE instrument (Agilent Technologies, Waldbron, Germany) equipped with a diode-array detector. Data were collected using the software provided with the HP ChemStation version A.09.01. Separation was carried out in a bared fused silica capillary 64. An ultrasound bath from Selecta (Barcelona, Spain) was used. A vacuum manifold system from Supelco (Bellefonte, PA, USA) coupled with a vacuum pump (Büchi model B-169, Switzerland), nylon filters with a 0.20 m pore size (Supelco, Bellefonte, PA, USA) and a rotavapor (Büchi, Flawil, Switzerland) were used for sample preparation.
Electrophoretic procedure
Before the first use, the capillary was conditioned by flushing with 1 M NaOH for 10 min at 60 • C, then with water for 5 min, and finally with the background electrolyte solution for 20 min. A pressure of 1 bar was applied. At the beginning of each day, the capillary was pre-washed with a N 2 pressure of 7 bar for 1 min with 0.1 M NaOH, 1 min with water and 2 min with running buffer. In order to increase migration time reproducibility, after each run, the capillary was post-washed with 7 bar for 0.5 min 0.1 M NaOH, 0.5 min with deionized water and 1 min with buffer. If drastic drifts in electrophoretic current and/or migration times were observed, the capillary was rinsed with a N 2 pressure of 7 bar for 1 min with deionized water followed by 2 min with methanol. At the end of each day, the capillary was rinsed with deionized water for 1 min and dried with air for 0.5 min.
Electrophoretic separation was performed using a 10 mM ammonium acetate buffer, pH 10 containing 90 mM SDS, at a voltage of 25 kV (normal mode). Buffer solution was filtered through a 0.20 m membrane filter before use. Samples were introduced into the capillary under pressure (50 mbar) for a fixed period of time (10 s). M and DA were monitored at 220 nm with a bandwidth of 20 nm, and DK and DADK were monitored at 260 nm with a bandwidth of 30. Normalized peak areas obtained by dividing the observed peak area values (valley to valley) by their corresponding migration times were used to quantify each compound.
The temperature of the capillary was kept constant at 25 • C. Under the selected condition, the current was around 75 A. The rinse step was carried out using different vials from those used for the separation in order to keep the level of buffer constant during the separations. The separation vials were changed after every three runs.
Sample preparation procedure
A calcareous silt loam soil located in a fertile area, above one of the most important aquifers from Andalucia (Southeastern of Spain) with an organic matter content of 1.81% was used in order to check the trueness of the proposed method. The soil samples were fortified by adding the appropriate volume of the working standard solutions and processed 24 h after spiking.
Extraction procedure
Soils were air dried, mixed and sieved through a 2-mm sieve and 10 g portions were processed. Soil samples were transferred into 60 mL cylindrical tubes, and extracted with 45 mL of methanol in an ultrasound bath for 20 min. The suspension was filtered with vacuum, firstly through a filter paper and then through a nylon filter of 20 m, and collected in a 100 mL spherical flask. Soil, filters and flasks were washed with 20 mL of methanol. The obtained solution was concentrated to approximately 1 mL in a rotary evaporator at a temperature of 40 • C. The extract was diluted with 25 mL of deionized water and pre-concentrated by SPE before being analyzed by CE.
Pre-concentration and clean-up of extracts by SPE
SPE was carried out on LiChrolut EN cartridges (200 mg) pre-conditioned with 6 mL of acetone, 6 mL of methanol and 6 mL of deionized water, consecutively. Extracts were loaded on SPE cartridges at the rate of 3 mL min −1 by using a vacuum operated pumping system. After sample loading, the cartridges were washed with 5 mL of methanol:water (45:55, v/v) and air-dried for 15 min. The elution of solutes was achieved with 4 mL of methanol followed by 1 mL of ethyl acetate. The combined eluates were brought to dryness under a gentle nitrogen current at 40 • C. The dry residue was dissolved in 500 L of methanol:water (10:90, v/v), and injected into the CE system.
Results and discussion
A thorough study of the different steps involved in the proposed method was carried out in order to ascertain the best conditions for both treatment of sample and CE separation. Those steps are discussed in the following sections.
Optimization of electrophoretic procedure
Selection of CE mode
In any CE separation, the pH of the running electrolyte is one of the most important parameters since it determines the ionization of the acidic silanol groups of the capillary wall, the extent of the ionization and, therefore, the electrophoretic mobility of each solute. The migration behaviour of the analytes was first examined by capillary zone electrophoresis using pH buffers ranging from 2.5 to 13, with phosphate buffer for acidic and neutral pH values and borate buffer for alkaline pH values. In very acidic media no peaks were observed. The mobility of DA, DADK and DK were different from EOF mobility at pH greater than 6, 7 and 8.5, respectively. In contrast, M remained neutral under all pH conditions examined and migrated with the EOF. Then, MEKC was investigated in order to carry out the simultaneous determination of the M and its conversion products. In this work, sodium dodecyl sulfate (SDS), which is negatively charged and its electrophoretic mobility is opposite in direction to electroosmosis, was selected as giving a good separation of the analytes.
Effect of buffer pH
For the separation of the analytes under study, a pH optimization was carried out. Based on a previous pH screening, we selected a pH interval for the study of the separation buffer between 9 and 11, in steps of 0.5 units, considering the adequate resolution obtained in this range. All buffers were 10 mM borate and 20 mM SDS. The effect of the pH on the migration times is shown in Fig. 2 . Variations of pH in the studied interval affected DK to a greater degree. Although the best resolution was obtained at pH 9.5, pH 10 was selected as optimum since it provides good resolution and much better efficiency and sensitivity for DK.
Effect of SDS concentration
The influence of SDS concentration in the buffer was also examined. Different behaviours for the compounds studied were observed when the concentration of surfactant was varied in the range between 20 and 120 mM. The molecules that present a greatest interaction with the micelles were M and DK, showing an alteration in the migration time with the increase in the SDS concentration. As can be seen in Fig. 3 , at a 20 mM SDS Fig. 2 . Influence of the electrolyte pH on the migration time. concentration, M was the first compound eluted but, as SDS concentration increases, there is a change in migration order resulting in M eluting last when the 60 mM SDS concentration is used. Also, a great enhancement in the efficiency is observed for M as the SDS concentration increases. DK, which is the second peak appearing in the electropherogram at a 20 mM SDS concentration, exhibits an increase in its migration time, being the third compound that elutes from the capillary when a 60 mM SDS concentration is used. The use of a 90 mM SDS concentration resulted in an efficient separation. Using higher SDS concentrations in the buffer, higher analysis times were observed. This effect can be explained by both the increase of the ionic strength of the buffer separation and a higher interaction between solutes and micelles due to the use of higher SDS concentration. From these facts, a 90 mM SDS concentration was selected as optimum.
Effect of nature and concentration of the background electrolyte
In previous experiments, different buffers, such as carbonate, phosphate, borate and ammonium acetate were tested as possible background electrolytes. Unacceptably high Joule heating as a result of a great current generated was seen when phosphate or carbonate were used as electrolyte buffer. Ammonium acetate leads to shorter analysis time than borate; therefore, it was selected as an optimum separation buffer.
The effect of the buffer concentration on the migration time and peak dispersion was evaluated in the range 10-50 mM. An increase in buffer concentration caused an increase in the migration time of all the compounds, since electrophoretic mobility is inversely dependent on the buffer concentration. However, no changes in resolution were reported. A buffer concentration of 10 mM was selected as optimum value since it provides good resolution, low current, the better peak shape and the shortest analysis time.
Effect of organic modifiers
The addition of organic modifiers to the buffer solution decreases the interactions between analytes and micelles, and increases their solubility in the buffer. Although good resolution is reached, in an effort to improve the speed of analysis and efficiency of the peaks, the addition of organic solvents to the buffer solution was examined under the above selected conditions. Methanol, ethanol, 1-propanol, 2-propanol and acetonitrile were added as modifiers to the buffer solution (10 mM ammonium acetate, 90 mM SDS at pH 10) at a percentage of 5%. In all cases, resolution decreases between DADK and M and the use of organic modifier was not considered.
Effect of the temperature
The effect of temperature was investigated in the range of 15-30 • C. Higher temperatures were not considered as they increase the noise of the base line. A decrease in the temperature resulted in a decrease in the generated current, in a decrease in EOF, an increase in the migration times, due to the lower electrolyte viscosity and an increase in the resolutions. According to these effects, 25 • C was selected as suitable.
Effect of the applied voltage
The effect of the applied voltage on the resolution was examined in the range of 10-25 kV. A higher voltage produced the fracture of capillary in less than 10 analyses. A voltage of 25 kV yielded the best compromise in terms of run time, separation time and peak shape, therefore, this value was selected as optimum.
Optimization of the injection time
The sample must be injected in aqueous medium, because an organic solvent amount above 10% in the medium produces a significant decrease in the sensitivity and efficiency of M, with the corresponding loss of resolution between DK and M.
In order to improve the detection limits, the injection time was varied between 2 and 20 s using a 50 mbar hydrodynamic injection. The peak area of all compounds increases as the injection time increases, but poor efficiencies and bad peak shape were obtained for times longer than 10 s. For this reason, 10 s was applied as injection time at 50 mbar. Fig. 4 shows the electropherogram of M and its corresponding conversion products at the optimized conditions.
Optimization of sample treatment
With the purpose of selecting the most suitable medium for the extraction of the compounds from soil matrix, and taking into account the differences among the polarities of the analytes, different solvents were tested, namely: ethyl acetate, acetone, acetonitrile and methanol. Recovery studies showed that M gives similar results with methanol, acetone, and acetonitrile. Furthermore, DA and DADK also give similar results in the case of methanol and acetone. However, DK exhibits double the recovery rate when using methanol as opposed to acetone, making it the best choice. A volume of 45 mL was enough for the sample size used (10 g) and an ultrasonic extraction time of 20 min was chosen as a compromise between the extraction efficiency and the stability of the analytes, as longer times cause their degradation. In a final step the obtained solution was concentrated to approximately 1 mL, in order to avoid the degradation and retention of the analytes in the round bottom flask, in a rotary evaporator and the extract was diluted with 25 mL of deionized water.
Concerning the pre-concentration and clean-up of the obtained extract, different sorbents for the SPE procedure were tested, silica bonded C 18 , HLB and LiChrolut EN. Higher recoveries and better removal of the interferences were obtained with LiChrolut EN cartridges and so they were selected for further studies. Before the elution of the analytes, the washing step was optimized in order to eliminate some interferences coeluting with the analytes. The optimization was carried out with a concentration of 5 mg L −1 for all the analytes and 5 mL of methanol:water as washing solution, changing the percentage of methanol from 0% to 90%. The results obtained showed that the elution of DK and DADK from the cartridge starts at 50% of methanol, causing a decrease of their recoveries, so a mixture of methanol:water (45:55) was selected to ensure the retention of the analytes until their final elution. This elution was carried out in two steps: firstly all the analytes except M were eluted with 4 mL of methanol. Higher volumes of methanol did not improve the obtained recoveries of any analytes including M. As it has been previously stated [6] a more apolar solvent (ethyl acetate) was required for efficient desorption of M. Several volumes of this solvent were tested and the recoveries were not improved by using volumes higher than 1 mL. For this reason, this second step consisted of elution with 1 mL of ethyl acetate.
Calibration curves and performance characteristics
Calibration graphs were constructed by injecting pure standard solutions of the analytes, according to the electrophoretic procedure described above. The statistical parameters obtained from the mean square regression and the performance characteristics are shown in Table 1 . In order to check for possible losses of analytes due to the sample treatment (extraction procedure and sample clean-up), the calibration curves were established as well by injection of analyte solutions processed as in the sample preparation procedure. The concentration levels tested in this case are twenty times lower than those corresponding to injected solutions. The pvalues obtained from the comparison of both calibration curves were higher than 20% for both slope and intercept.
Limits of detection and quantification shown in Table 1 have been calculated as ∆ ␣,␤ S 0 and 10S 0 , respectively [24] , where ∆ ␣,␤ is the non-central parameter of a non-central t-distribution with ν degrees of freedom, which depends on both α and β; α, the probability of committing a statistical type I error (false positive, usually 0.05); β, the probability of committing a statistical type II error (false negative, usually 0.05), and S 0 is the standard deviation for "zero" concentration, estimated as an approximate expression which uses the residual standard deviation [25] of the calibration curve.
Trueness of the method
In order to check the trueness of the developed methodology, a recovery study was carried out on soil samples free of the analytes. Samples of soil spiked with each one of the analyte solutions at three different concentration levels (150, 250 and 350 g kg −1 ) were analyzed. Three replicates were prepared at each concentration level and each one was injected in triplicate. Previously the samples were extracted following the above-described treatment, and a sample blank was also analyzed in order to check that the analyzed soil samples were free of M and its conversion products.
Recoveries were calculated by comparing the obtained concentrations for spiked samples at different concentration levels, and calculated from the calibration curve established with pure standard solutions of each analyte, with the true concentration value. The obtained values of recoveries for M and its conversion products and the corresponding relative standard deviation (RSD, %) are shown in Table 2 .
Specificity
Specificity can be determined by measurement of the peak homogeneity. Since the different techniques available in a DAD are not equally effective for the detection of impurities or interferences in an electrophoretic peak, the use of several techniques is recommended [26] .
In the present work, the procedures used to validate the peak purity of the studied compounds present in soil samples were: (i) a blank soil was analyzed by the proposed method and no interferences were found co-migrating with the analytes; (ii) measurement of absorbance at two different wavelengths and (iii) peak purity index calculated by ChemStation software: 0.391 for M, 0.189 for DA, 0.138 for DK and 0.284 for DADK. This test was carried out with five spectra per peak (from 210 to 400 nm) at different times, and each individual spectrum was compared to the average spectrum. A similarity coefficient between each individual spectrum and the average spectrum was calculated and compared with a threshold coefficient calculated taking into account the spectral noise. An absorbance threshold of 1 mAU was set in order to reduce the contribution of spectral noise. A smooth factor of 7 and a spline factor of 5 were selected for spectra processing. Spectral noise was evaluated at 0 min with 14 spectra. If the peak is pure, similarity coefficient is higher than the threshold coefficient, for this reason if the peak purity index calculated as ratio = (1000-similarity/1000-threshold) is less than 1 the test for peak purity passes, but if it is greater than 1 then it fails [27] . The three techniques showed that the purity of the peaks corresponding to the compounds studied present a high level of purity. Therefore, no interferences by matrix effect were observed.
Conclusions
The results presented in this work demonstrate that MEKC is a very efficient methodology for the simultaneous determination of M and its major conversion products (DA, DK and DADK) at trace levels in soils samples, being a very fast and easy alternative to HPLC. The method includes a previous extraction and sample clean-up in the studied samples using a SPE procedure, which offers an improvement in the sensitivity, considering the limitation of the CE techniques. The satisfactory detection limits obtained are mainly due to the excellent sorption properties of the sorbent used in the SPE procedure, LiChrolut EN. The simplicity of the proposed method makes it suitable for routine analysis of these analytes in soils, showing good recoveries in compliance with the current guidelines.
